Abstract-Water-jet technology has been used extensively for decades industrially for many applications including mining, plastic, metal, stone, wood, and produce cutting. The use of water-jet in medical applications has been developed more recently and it is used for different applications such as soft tissue resection, bone cutting, wound debridement, and surgery. In this paper, a new application of water-jet technology in the medical field is proposed, namely water-jet cutting at the tip of a needle with a long-term goal of steerable needles. A needle insertion system is designed and built, which has a custom-designed water-jet nozzle attached to a Nitinol needle as its "needle". Insertions with and without water-jet into 10%, 15% and 20% Poly (styrene-b-ethylene-co-butylene-bstyrene) triblock copolymer (SEBS) tissue-mimicking simulants are performed and the associated force data is measured using a force sensor at the base of the needle. The results of force vs. displacement show that the water-jet reduces the insertion force associated with traditional needles by eliminating tip forces. In this paper, a custom-designed straight nozzle is used to show the feasibility of water-jet steerable needles, whereas future work will focus on steerability using steerable nozzles. Depth of cut as a function of fluid velocity is also measured for different volumetric flow rates. The results show that depth of cut is a linear function of fluid velocity when the width of the water-jet nozzle is sufficiently small and smooth.
I. INTRODUCTION
The use of high-pressure water in industry dates back over a century. In the mid-1880s, water-jets were first used in hydraulic mining to flush out coal from the working surface of a mine [1] . The development of high-pressure pumps makes the cutting of harder materials a possibility. To date, water-jet cutting has been used for cutting plastic, highstrength alloys, metals, stone, wood, and food products.
High-pressure water is generated by a pump and travels through a nozzle that accelerates it toward a target. A highpressure pump is the heart of every water-jet system. There are two types of pumps that are mainly used in industrial applications: direct-drive pumps and intensifier pumps. These pumps are chosen based on the applications they are designed for. At the orifice, the potential energy of compressed water is transformed into high kinetic energy of water-jet.
Cutting occurs when energy is introduced into the material to overcome its chemical bindings in the structure of the material. For instance, thermal cutting methods use the Schematic of forces acting on the needle passing through the tissue for: (a) the no water-jet case with a traditional needle and (b) using water-jet cutting. F elastic is the elastic force that fractures the tissue and forms a crack (this force only exists before puncture and from the surface of the undeformed tissue to the maximally deformed one), F cutting is the cutting force and F f riction is the friction force acting along the shaft of the needle (these two forces act on the needle from puncture to maximally inserting the needle and before exiting the tissue). (c) In the case of water-jet (blue schematic), the tip forces are eliminated, and only friction along the shaft of the needle exists (it is even expected to be lower than friction due to lubrication provided by water). For traditional needles (red schematic), insertion force can be defined as F insertion = F elastic + F cutting + F f riction , and in the case of needle with water-jet, relationship F insertion = F f riction holds. Experimental results provided in section III also verified these relationships (Our results do not show F elastic because we started after puncture.) energy of chemical reactions, electricity, or light to create high temperatures to melt or ablate the material at the point of cutting. Mechanical methods use the kinetic energy of the moving tool or create ductile materials by using pressure [1] . Water-jet cutting can be considered as a mechanical method in which energy of the high speed jet is applied to the workpiece. The water acts as a cooling agent also and leads to a very high quality cut-low kerf with low surface roughness. Two types of water-jets have been used: (a) pure/ plain water jet (PWJ), where cutting is done by a high velocity water (high kinetic energy of water) and (b) abrasive water jet (AWJ), where plain water jet is generated in the orifice and flows through a mixing chamber that generates a vacuum pressure. In the case of AWJ, a dry solid abrasives is introduced into the chamber, commonly ruby particulates. Water, abrasives, and air are mixed and accelerated in the focusing tube. The role of the water in AWJ cutting is to accelerate the abrasive particles, flush out the debris from the cutting, and actively cool the workpiece [1] .
Water-jet cutting has more recently been applied in medical applications. In surgery, PWJ is used to dissect organs, although this is not suitable for cutting bone because it requires pressures more than 75.84 MPa, which are not safe for surgery. AWJ can be a solution here since it can increase the cutting efficiency with less pressure. It should be noted that the abrasives used in AWJ cutting for surgery should be water-soluble and pharmacologically safe [2] . Water-jet techniques have also been used to resect liver [3] , where a saline jet of 965.27 kPa was created using a standard agricultural electrically-driven spray system. Water-jets have also been used for dissections of liver [4] , [5] , [6] , [7] . The efficiency of water jet for hepatic resections are examined in [8] . They came into conclusion that water jet dissection reduces large blood volume loss. The water jet system called the Helix Hydro-jet was introduced for dissection of Glioma and normal brain tissue. It has a hand-piece with nozzle of 100 μm in diameter [9] . In [10] , the authors performed water-jet dissection of 50 porcine brains. They used different nozzle types (80 − 150) μm and different levels of water-jet pressure (96.57 − 3, 999) kPa. They concluded that waterjet can dissect the brain parenchyma precisely with vessel preservation and that there is a linear relationship between water-jet pressure and depth of dissection. Water-jet is also used in renal surgery [11] , [12] . They successfully removed the tumor of the lower pole of the left kidney and cleaned the renal parenchyma. Other medical applications of waterjet technology include wound debridement [13] , orthopedic surgery [2] , and bone cutting [14] .
Water-jet cutting has several advantages compared to conventional cutting methods. One advantage of water-jet cutting is that because the water acts as a coolant, there are not temperature-related damages to the surrounding tissues, as seen with thermal ablation, grinding, or sawing. Second, water-jet cutting is precise, fast, and removes minimal material, where the water washes out the debris and leaves low-roughness surfaces. Using water-jet during surgery also decreases bleeding [8] . These advantages made water-jet to be appealing for medical applications.
Percutaneous therapies constitute a large fraction of medical procedures, including blood and tissue sampling, injecting drugs and anesthetics, implanting radioactive seeds, etc. In brachytherapy cancer treatment and tissue biopsy, needles are used to reach precise locations in the body. High insertion forces can complicate reaching the intended target with high accuracy. Research shows that lower insertion force can reduce needle bending and tissue deflection [15] . It can also reduce the pain felt by the patient during the procedure [16] . Therefore, researchers have actively researched ways to reduce the insertion forces. Methods proposed in the literature to reduce the insertion forces include changing needle geometry [17] , [18] , using smaller needles [19] , and inserting the needle with different insertion speeds and/or vibration [20] .
Measuring insertion forces and needle tissue-interaction forces for traditional needles are previously introduced in the literature [21] , [22] , [23] , however, to the best of our knowledge, this is the first time that water-jet is incorporated into traditional needles and insertion forces are measured. Figure 1 depicts forces acting on the needle in traditional needle insertion and in the proposed water-jet method. F elastic is the elastic force that fractures the tissue and forms a crack. This force exists before puncturing the tissue and acts on the needle from point at which the needle comes in contact with the undeformed surface of the tissue to when tissue is maximally deformed, just prior to puncture. Our experimental results do not show this force because we started to collect data after puncture. F cutting is the cutting force, and F f riction is the friction force acting along the shaft of the needle. The red line depicts the forces acting on the needle in the case of traditional needles, and the blue diagram is the force acting on the needle in the case of water-jet needle, which is only friction. Our experimental results showed that the frictional force with the waterjet is even lower than a traditional needle, likely due to lubrication provided by the water during insertion. In this paper, a new system for water-jet needles is proposed. To the best of the authors' knowledge, this is the first time that water-jet is used in percutaneous applications, and the authors found no prior studies on waterjet steerable needles. It is shown that using water-jet, the tip forces are eliminated and only the friction force remains. To explain it more precisely, the insertion force experienced by a physician (or robot) at the base of the needle has been reduced. This force experienced at the base of the needle is the combination of elastic, friction, and cutting force at the tip.The proposed method reduces the forces that build up at the tip and are transmitted along the shaft of the needle back to the user at the base of the needle. Much of that force that is experienced by the user at the base of the needle is due to the elastic buildup at the tip that is necessary to cause sufficient pressure at the very tip of the needle to start fracture. With the water jet, this elastic buildup is not necessary because the 300μm waterjet is only putting pressure on the tiny amount of tissue it is trying to fracture. The second reason is looking forward to needles that are curving in tissue that experience buckling, and using waterjet, this effect will be eliminated. The depth of water-jet cut as a function of fluid velocity is also measured. It is found that there is a linear relationship between depth of cut and fluid velocity when the width of the water-jet nozzle is sufficiently small and smooth. The experiments presented in this paper are focused on demonstrating the potential of water-jet directed needles, and work is currently underway to develop sub-millimeter, controllable nozzles at the tip of the needle with the purpose of steerable needles, hence this is a substantive step towards waterjet-directed steerable needles.
II. MATERIALS AND METHODS

A. Tissue Preparation
Common materials for tissue-mimicking simulants are gelatin, rubbers, leather, silicon elastomers, soap, lard and clay [24] . These materials can provide an average representation of the soft tissue. In the case of gelatin, the ratio of solid content to water can be changed to alter the mechanical properties. Most common combinations of gelatin are 10% and 20% solid with the remaining water. The amount of solid determines the softness of the gel. Water-based nature of gelatin causes time, temperature and humidity-dependent issues. Properties can be changed due to excessive heating during production or storage. The advantage of using SEBS as the tissue simulant material is containing non-aqueous solvents, which makes it more environmentally stable substitute for water-based hydrogels (such as gelatin) in terms of increased operational temperature ranges, and lifetimes. Additionally, SEBS tissues are optically clear, their Young's modulus can easily be altered by changing the polymer content, they have low Young's modulus but high fracture toughness, which is similar to bio-tissues, and lower friction than many other materials with low Young's modulus like silicone rubbers.
Poly (styrene-b-ethylene-co-butylene-b-styrene) triblock copolymer (SEBS), Kraton Polymers LLC (G1652, Houston, TX, USA) is used as the main ingredient of tissue-mimicking phantom. Light mineral oil is used as the solvent. SEBS material and mineral oil are weighed out to produce mixtures containing 10, 15 and 20 vol% SEBS. The mixture was then put into the oven at 120 o C for 6 hours (for mixtures containing a lower amount of SEBS this time is lower) and was mixed occasionally to produce a homogeneous solution without any visible undissolved powder. It was degassed afterwards using a vacuum chamber to eliminate any air bubble trapped in the solution. The solution is then poured into rectangular molds of dimensions 100 × 100 × 50 mm, then let to cool down in room temperature before removing from the molds. The Young's modulus of these tissue simulants can be found from (1), which we derived from the log-log plot of the Young's modulus versus polymer fraction figure presented in [25] .
Young s modulus
Where c = 4.6018 × 10 6 and m = 2.2234. Therefore, the Young's modulus of 10%, 15% and 20% SEBS are 27, 68, and 128 kPa, respectively, which are relevant to stiffnesses of real biological tissues [26] . In particular, Young's moduli of 10%, 15%, and 20% are similar to uterus, and cervix tissues, the Young's moduli of which are in the range of 30 − 90 kPa [27] , prostate in the range of 62 − 69 kPa [28] , thrombus in the range of 8 − 38 kPa [29] , breast with modulus of 29 kPa [30] , and muscle in the range of 7 − 57 kPa [31] , [32] .
B. Experimental Setup
The experimental setup used for all experiments is shown in Fig. 2 . A linear actuator is used to drive the needle into the tissue simulant with velocity of insertions 1, 5, and 10 mm s . These insertion velocities are known to be relevant to insertions in real medical applications [33] . These velocities can be adjusted in the designed graphical user interface (GUI) by setting the depth of insertion and time. This multithreaded application developed using Microsoft Visual C++ is not only capable of communicating with and controlling the needle experiment but also reading the force sensor and control the pump system through serial communications.
This user interface records data to a .CSV file and is capable of feedback control.
To allow high-fidelity control of volumetric flow rate and the ability to measure pressure at the pump, an off-theshelf pump traditionally used for high-performance liquid chromatography (HPLC) named PR-class Dual Piston is used (PR100PFT3D, Scientific Systems Inc., State College, PA, USA). This system can provide pressures up to 27.58 MPa and flow rates up to 100 mL min at the maximum pressure. Pure distilled water used in this PWJ cutting system and a suction system attached near the base of the needle avoids the water from splashing while inserting and cutting. Fig. 3 shows the custom-designed suction system. One major concern here may be the volume of the water that needs to be cleared from the cutting area. It seems that if the water is not cleared fast enough, the remaining pressure near the needle tip causes potential problems with the surrounding tissue and diminish the effectiveness of the water cutting. However, the reality is that in waterjet insertions while the water hits and cuts the tissue the majority of it splashes back and is gathered in a box that is attached to a strong suction system that does not let water to be trapped in the cutting path.
Custom designed suction system to collect the water sprayed back using a 3D printed part, a suction canister, and a vacuum pump (not shown in the photo) Fig. 3 . Custom-designed suction system. It includes a 3D printed part near the base of the needle that collects the water sprayed back while running water-jet experiments. The collected water is then sucked by a suction canister attached to a vacuum pump.
For the water-jet nozzle, first, a piece of 1.59 mm copper tubing is cut to about 45 mm of length. Then, a piece of Nitinol is cut and sanded to remove the oxide layer, so that the solder would adhere. Next, the Nitinol wire was soldered inside the 1.59 mm copper tubing. Finally, the copper tubing is attached to the ferruled reducer, and then to the water pump via standard tubing. The Nitinol tube acts as a needle with inner diameter of 0.32 mm, and outer diameter of 0.58 mm. Superelastic properties of Nitinol makes it a good candidate to be used as a material for steerable needles [34] . Fig. 4 represents the custom-designed needle used in needle insertions with and without water-jet.
While the force sensor records the insertion forces, a highresolution camera is used to take pictures during insertion or cutting experiments to measure the depth of cut as a function of fluid velocity. 
C. Force measurement using insertions with and without water-jet
Three distinct experiments are conducted to compare the insertion forces of traditional needles and waterjet needles. These include: (a) insertion of a needle without the waterjet to give a baseline for a traditional needle's insertion forces, (b) reinserting a needle without waterjet in the existing channel from (a) to determine the frictional component of (a), and (c) a new insertion with the waterjet enabled (in a fresh channel) to compare the insertion forces against both the traditional needle insertion and the friction-only component of a traditional insertion.
These three different tests are done on 10%, 15% and 20% SEBS tissues, with each test sample of size 100 × 100 × 50 mm. First, the needle is inserted into the tissue with velocities of insertion of 1, 5, and 10 mm s using the linear actuator and without running the water-jet. These insertion velocities are relevant to insertion velocities during clinical percutaneous needle insertion procedures [33] . The needle is inserted 50 mm through the tissue and force data is recorded at the rate of 5 data per second using the customized GUI. The data is recorded until the needle reaches the maximum insertion depth. The needle is then retracted and reinserted into the same channel using the same velocity of insertion and without water running and the force data for the second insertion in the same channel is also recorded. This second insertion in the same channel is intended to disambiguate the frictional forces from the cutting forces at the tip for the nonwaterjet scenario. To insure that the needle will follow the same path, the setup was remained unchanged between the two sets of experiments. Then, another insertion is conducted when the pump is turned on with volumetric flow rates of 10, 20, and 30 mL min for 10%, 15%, and 20% SEBS tissues, respectively. In these trials, the needle is inserted with same velocities of insertion along with the jet of water that cuts a small distance in front of the needle to let the needle pass the tissue. 10 experiments are done for each stage, with total of 90 experiments for each tissue so 3 (tissues) × 3 (velocities of insertion) × 3 (number of different tests) × 10 (number of experiments in each stage) = 270 experiments are done and the average of 10 experiments and the standard deviation of data are calculated for each stage, so that the results are statistically meaningful.
D. Measuring depth of cut of water-jet as a function of fluid velocity
The needle is inserted about 2 cm into the 100 × 100 × 50 mm SEBS tissue. Using a high-resolution camera mounted above the tissue and using a light-box underneath the tissue, a photo is captured before the waterjet is enabled. The pump is then turned on with a specific volumetric flow rate and after 30(s), the pump was turned off and another photo was taken showing the depth of cut of the water-jet in front of the needle. For better visibility, edible food colors are added to water. The volumetric flow rate is varied between 20 and 80 mL min . For each flow rate, 5 experiments are conducted and the photos are processed using a customized Matlab program that measures the depth of cut in front of the needle from the pixels of the photo based on the calibrated measurement provided by the ruler on the light-box. Fig. 5 depicts an example of the output of this software. Fig. 7 shows an example of before and after photos of depth of cut measurements. Then it asks to select a real world measurement and enter the real value of it (10 mm in the example) for calibration. Then the user will select the area of interest to measure, and the software associates the pixel distance to a real-world measurement.
III. RESULTS, AND DISCUSSION
In this section, results of tests with insertions with and without water-jet are provided. In the first subsection, results of force measurements with and without water-jet are presented and demonstrate how using the water-jet for cutting can decrease the insertion force by eliminating tip forces. In the second subsection, results of depth of cut as a function of fluid velocity are given and shown that there is a linear relationship between depth of cut and fluid velocity when the width of the water-jet nozzle is sufficiently small and smooth.
A. Waterjet Needles Result in a Reduction in Insertion Force of Over 50 %
The average force from 3 different experiments on each tissue is plotted against the needle displacement. Fig. 6 shows the force vs. displacement for insertions with no water, no water reinsertion through the same channel, and with waterjet for 10%, 15% and 20% SEBS tissues with 3 different velocities of insertion. The bars on the figure represent one standard deviation above and one standard deviation below the data. The following results can be observed from these figures:
• Comparing the forces in the case of insertions with no water and insertions with water-jet, it is apparent that water-jet reduces the insertion force by eliminating the tip forces and only friction force exists. The total insertion force by water jet is even lower, and the authors propose that this is due to the lubrication effect of the water in the channel.
• The needle passing through the tissue (in traditional needle insertion methods) experiences different phases of cutting. In phase 1, the tissue deflects and the force gradually rises due to elastic forces. This occurs from the surface of the undeformed tissue to when the tissue is maximally deformed (before puncture). This is represented in Fig. 1 as F elastic . The results shown in Fig. 6 do not include this stage since we started to gather the data after puncture. In phase 2, the tissue is cut and initial crack is formed (puncture). Needle geometry widens the crack and the needle passes through with friction acting between the needle and the tissue. This is from when puncture occurs till the needle is inserted maximally into the tissue. This is expressed as F cutting + F f riction in the top panel of Fig. 1 -c . This stage is obvious in our results with traditional needle insertion. There is also phase 3 that the needle exits the tissue and only the frictional force is present. This stage is not relevant to our data since we went 50 mm into the tissue and did not pass all the way through it. These 3 stages are consistent with previous research on traditional needle insertions [35] .
• The 20% SEBS tissue has a higher frictional force. This is in agreement with standard sliding friction models where the friction is a function of a coefficient and the normal force (or normal pressure across the surface area). In the case of the 20%, even though the needle is the same size and displacing the same amount of tissue, because it has a higher elastic modulus then the normal force/pressure will be higher for the same volume of tissue displaced by the needle.
• The insertion forces in both the traditional needle insertions and in water-jet needle insertions show a ratedependent behavior. The forces are higher for higher velocities of insertions. This observation is consistent with previous research in needle insertions [36] .
• The frictional force is dependent on the depth of insertion, and increases as the insertion depth increases. It also depends on the stiffness of the tissue. These observations are in line with previous research on traditional needle insertions [21] . This will lead to overall increased insertion force in stiffer tissues.
• The purpose of using needles in the first place is to reduce the tear in the tissue while accessing a target. It may seem that waterjet increases tear surrounding the needle, but considering that the diameter of water jet is smaller than the needle and the time that the water jet is in contact with the tissue is so small, only a small cutting in front of the needle will be achieved and there is not enough time for the water-jet to tear the shows the total insertion force in the case of traditional needle insertion after puncture. This force is equal to F cutting + F f riction . The red plot (the one with asterisks) depicts only friction force (F f riction ) (acquired with inserting the needle into the previously cut channel). The last plot (blue one with squares) represents the total insertion force with water-jet needle. As is evident from all figures, total insertion force using water-jet is even lower than the friction force since water-jet eliminates tip forces and lubricates the channel while insertion.
surrounding tissue. This can be achieved by calculating an optimum velocity of insertion that ensures small cutting and avoids the tear and damage to the tissue. Fig. 8 depicts the average measurements of depth of cut as a function of fluid velocity for 15% (up) and 20% (down) SEBS tissues. A line is fitted to experimental data and as can be seen the goodness of the fit, which is quantified by the coefficient of determination is 0.9884 for the 15% SEBS tissue, and 0.9181 for the 20% SEBS tissue. This gives a linear relationship between the depth of cut and the flow rate when the width of the water-jet nozzle is sufficiently small and smooth and is expressed by (2) , which can be used to predict the depth of cut (DOC) for higher flow rates. It is also observed that there is a minimum flow rate that the cutting occurs and it is higher for the stiffer tissue. On the other hand, for higher flow rates, it is observed that the water also cuts more of the surrounding tissue which is undesirable. For needle steering purposes, usually larger depth of cut is not necessary and it is important that a small amount is cut and then the needle follows the path.
B. The Depth of Cut is a Linear Function of the Fluid Velocity
In this equation, c 1 = 0.1439, and c 2 = −2.653 for 15% SEBS and c 1 = 0.08134, and c 2 = −1.553 for 20% SEBS.
It should be noted here that depth measurement analysis was done using homogeneous phantoms, SEBS tissue simulants. The created fits for cutting depth measurements would work fine with the same type of phantom, but whether these results can be generalized to be used in other heterogeneous phantoms, and also for in vivo is still under research by our group.
IV. CONCLUSIONS AND FUTURE WORK
In this paper, a new system was proposed for water-jet needles insertion. While the data presented in this paper only
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Needle tip Red dye Cut depth Fig. 7 . An example of before and after photos of measuring depth of cut. The needle is initially inserted into tissue about 2 cm and then the pump is running with a given flow rate, say 60 mL min (only in this example) for 30 (s). Then, the pump is turned off and another photo is taken. This photo is imported into a customized program in MatLab that changes the measured pixels of depth of cut to mm through a calibration using the provided ruler on the light-box. For better visibility, food color is added to water. presents straight trajectory insertions, this work is intended as a proof of feasibility in using water-jet at the tip of a needle to accurately control the tissue fracture. Future work currently underway involves the development of submillimeter controllable nozzles such that the direction of tissue fracture can also be controlled, thus providing steerable needle using the same method. Even in the absence of a steerable tip, the proposed method can allow for accurate straight-trajectory insertions, even across tissue changes and membrane boundaries, where such trajectories are desirable. A linear actuator was utilized to drive the needle into tissue with known insertion velocity. Force data were collected in the experiments with and without water-jet. The results with the force data showed that this method can be used as a promising method to decrease the insertion force, which is very important in medical applications. Depth of cut was measured as a function of flow rate and it was shown that it is a linear function of the flow rate when the width of the water-jet nozzle is sufficiently small and smooth.
Future work also involves finding a physics-based model to predict cutting depth and insertion force based on parameters such as tissue toughness, tissue stiffness, nozzle diameter, volumetric flow rate of the cutting tissue, density adjustment of saline, and transitioning to experiments with real biological tissues.
